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ABSTRACT 

We present the analysis of new near-infrared, intermediate-resolution spectra of the gravitationally lensed galaxy "the 8 o'clock arc" 
at Zsys = 2.7350 obtained with the X-shooter spectrograph on the Very Large Telescope. These rest-frame optical data, combined with 
Hubble and Spitzer Space Telescopes images, provide very valuable information, which nicely complement our previous detailed rest- 
frame UV spectral analysis, and make the 8 o'clock arc one of the better understood "normal" star-forming galaxies at this early epoch 
of the history of the Universe. From high-resolution HST images, we reconstruct the morphology of the arc in the source plane, and 
identify that the source is formed of two majors parts, the main galaxy component and a smaller blob separated by 1 .2 kpc in projected 
distance. The blob, with a twice larger magnification factor, is resolved in the X-shooter spectra. The multi-Gaussian fitting of detected 
nebular emission lines and the spectral energy distribution modeling of the available multi-wavelength photometry provide the census 
of gaseous and stellar dust extinctions, gas-phase metallicities, star-formation rates (SFRs), and stellar, gas, and dynamical masses 
for both the main galaxy and the blob. As a result, the 8 o'clock arc shows a marginal trend for a more attenuated ionized gas than 
stars, and supports a dependence of the dust properties on the SFR. With a high specific star-formation rate, SSFR = 33 ± 19Gyr"', 
this lensed Lyman-break galaxy deviates from the mass-SFR relation, and is characterized by a young age of 40^^^ Myr and a high 
gas fraction of about 72%. The 8 o'clock arc satisfies the fundamental mass, SFR, and metallicity relation, and favors that it holds up 
beyond z - 2.5. We believe that the blob, with a gas mass Mg„, = (2.2 ± 0.9) X 10' M© (one order of magnitude lower than the mass of 
the galaxy), a half-light radius ri/2 = 0.53 ± 0.05 kpc, a star-formation rate SFRhi, = 33 ± 19 Mq yr"', and in rotation around the main 
core of the galaxy, is one of these star-forming clumps commonly observed in z > 1 star-forming galaxies, because it is characterized 
by very similar physical properties. The knowledge of detailed physical properties of these clumps is a very useful input to models 
that aim to predict the formation and evolution of these clumps within high-redshift objects. 
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1. Introduction 

With the advent of the 8-10 m class optical telescopes on the 
ground and of the latest generation of space observatories work- 
ing from X-rays to far-infrared (IR) wavelengths, it has become 
possible to carry out multi-wavelength spectroscopy and imag- 
ing of thousands of galaxies at redshifts between 2 and 4, namely 
at the peak of the star-formation history of the Universe. In par- 
ticular, star-forming galaxies, known also as Lyman-break galax- 
ies (LBGs), easily identified by a break in their ultraviolet (UV) 
continuum that is caused by the Lyman limit from intergalactic 
and interstellar Hi absorption below 912 A, have been the tar- 
gets of most studies ( Steidel et al. 1996) . At z > 2 their absorp- 
tion from the intergalactic medium (IGM) is more pronounced 
and the galaxy UV flux is redshifted toward optical wavelengths. 
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where the ground-based telescopes and their instruments have 
their maximum detection efficiency, and the blocking effect of 
the atmosphere and the emission from the night sky have its min- 
imum. Color and low-resolution spectral information has been 
gathered for many of these generally faint galaxies {R ^ 24.5 at 
z ~ 3), whereas very long integration times are required, even at 
the larger telescopes, to acquire intermediate-resolution spectra, 
which are yet needed to derive their detailed individual physi- 
cal properties. To gain insights on their average properties, one 
is thus mostly forced to rely on stacked low-resolution spectra 
(Shapley et al. 2003; Vanzella et al. 2009). 

Instead of waiting for the next-generation telescopes with 
large collecting areas to obtain good resolution, good signal- 
to-noise ratio spectra of LBGs, we can take advantage of the 
light magnification provided by gravitational lensing. In the best 
cases, the background galaxies can benefit of a boost of their 
total flux by a factor of 30 - 50. This implies that intermediate- 
resolution spectroscopy of individual galaxies, which are intrin- 
sically 3-4 magnitudes fainter than they appear at the telescope, 
becomes achievable with current instrumentation. As an impor- 
tant byproduct, this approach gives access to a more representa- 
tive range of the luminosity function of galaxies at z ~ 2 - 4. 
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A handful of studies of these highly magnified star-forming 
galaxies yielded the physical properties of their stellar popula- 
tion and their inte rstellar medi um (ISM), as well as their dy- 
namical properties. iPettini et alJ (2002) pioneered this study ap- 
pro ach with the extraordin ary bright LEG MS 1512-cB58 (se e 
also lPettini et"ai]|2 000; Tepl itz et aUlIOOOtlSavaglio et alj|2002h . 
In the last decade, new search techniques applied to the Sloan 
Digital Sky Survey (SDSS) and Hubble Space Telescope (HST) 
images led to the identification of new strongly-lensed, high- 
redshift galaxies. The brightest galaxies were already targeted 
for detailed studies at rest- frame UV and/or optica l wave l engths 
(Lemoine-Busserolle et al.' '2003'; 'Swinbank et al.' 2007, '2009'; 
Stark etal. 2008; Cabanac et al. ,2008; Hainline et al. 2009: 



puideretal. 2009, 2010; Pettin i et all I20IO ; iChristens en et al 
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2010; Jones et ah i201Qi; iBian et alj . , . , 

Richard et al. I2OI l|). In the era where one of the major ob- 
jectives of astrophysics is to determine the precise physical 
properties of high-redshift, star-forming galaxies, the analysis 
of strongly-lensed LBGs provide very complementary results 
and informations to the huge efforts done with galaxies se- 
lected in blank fields (e.g.,^ rb et al. 2006a, b.c; Law et al. 2007; 



Maiolino et al. 2008; Genzel et al. 2008t IMannucci et al.ll2009l: 
Forster Schreiber et aL,2006„2009.) . 



Among the highly magnified objects, a partic ularly inter- 
esting target is the "8 o'clock arc", discovered bv lAllam et alJ 
(|2W)7|). The lensing by the z - 0.38 luminous red galaxy 
SDSS J002240.91 + 1431 10.4 distorts this Lyman-break galaxy 
at Zsys - 2.7350 into four separate images that correspond to four 
different images of the same object. Three of them, labeled Al, 
A2, and A3, form a partial Einstein ring of radius 0e = 3.32" + 
0.16", extending over 9.6" in length (see Fig.[T] left-hand panel). 
iFinkelstein et al.l (2009) carried out a comprehensive study of 
the 8 o'clock arc with the help of low -resolution spect ra from 
U'V to the K band. In a first paper (Dessauges-Zavadsk v et alJ 
I2OIO . hereafter DZIO) we used intermediate-resolution spec- 
tra obtained with the newly installed X-shooter spectrograph 
(iD'Odorico et alJ l2006) that cover the observed range from 320 
to lOOOnm to further improve the knowledge of properties of 
this lensed LBG. We derived its stellar and ISM metallicities for 
the first time and highlighted the main ISM line similarities and 
differences observed among the few lensed LBGs studied in de- 
tail so far The high quality of the data allowed us also to model 
the Lya line profile with 3D radiation transfer codes, and to ob- 
tain results fully consistent with the scenario proposed earlier, in 
which the diversity of Lyo- line profiles in LBGs and Lya emit- 
ters, from absorption to emission, can mostly be explained by 
H I column density and dust content variations dVerhamme et alj 
|20^,'2008^. 

In this paper we use new X-shooter observations, which now 
include the near-infrared spectral range and cover the nebular 
emission lines of the 8 o'clock arc, and archive HST and Spitzer 
imaging data to complete our detailed picture of this unique 
galaxy. The new physical and morphological properties derived 
make the 8 o'clock arc one of the most deeply studied "normal" 
star-forming galaxies at this early epoch of the history of the 
Universe. In Sect. |2] we present the spectroscopic and imaging 
observations, and the corresponding data reduction procedures. 
In Sect. [3] we deal with the photometry and the analysis of spec- 
tra, in particular we provide the gravitational lens model of the 
arc and the fits of the nebular emission lines with multi-Gaussian 
profiles. In Sect. |4]we revisit the properties of the galaxy (dust 
extinction, metallicity, star-formation rate, age, and stellar, gas, 
and dynamical masses) as derived from the combination of spec- 
troscopic and imaging data. A final summary of the results and 



their discussion is presented in Sect. |5] Throughout the paper, 
we assume a A-CDM cosmology with Qa - 0.73, Qm - 0.27 
and h = 0.71. All magnitudes are given in the AB system. 



2. Observations and data reduction 

2.1. X-shooter spectroscopy 

X-shooter is the first of the second-generation instruments on the 
Very Large Telescope (VLT) at Cerro Paranal, Chile, in opera- 
tion at the European Southern Observatory (ESO) since October 
2009. It consists of three Echelle spectrographs with prism cross - 
dispersion, mounted on a common structure at the Cassegrain fo- 
cus of the Unit Telescope 2. The light beam from the telescope is 
split by two dichroics that direct the light in the spectral ranges 
of 300 - 560 nm and 560 - 1015 nm to the sHt of the ultraviolet- 
blue (UV-B) and visual-red (VIS-R) spectrographs, respectively. 
The undeviated beam in the spectral range of 1025 - 2400 nm 
feeds the near-infrared (NIR) spectrograph. A ful l description of 
the instrument is provided bv I'Vernet et al.l (l2010l) . 

A first set of X-shooter observations of the 8 o'clock arc, 
made solely with the UV-B and VIS-R spectrograph arms, was 
obtained during the first commissioning run in November 2008, 
and allowed a detailed analysis of the rest-frame UV spectrum of 
this lensed LBG (see DZIO). In November and December 2009, 
we got additional observations in Director's Discretionary Time 
(program ID No. 284.A-5006(A)) to complete the 8 o'clock arc 
data set with the NIR spectrograph arm and to obtain the rest- 
frame optical spectrum. The 11" long entrance slit was rotated 
to the same position angles on the sky as for the first set of obser- 
vations, PA - 121° and 13° aligned along the 8 o'clock images 
A2 and A3 and along the image A2 and the galaxy lens, respec- 
tively (see Fig. 1 in DZIO). A total exposure time of 4 x 1200 s 
per position angle was obtained in good conditions, with clear 
sky, seeing < 1", and airmass < 1.6. Slit widths of 1.3" in the 
UV-B, 1.2" in the VIS-R, and 0.9" in the NIR were used, cor- 
responding to resolving powers R = A/AA - 4000, 6700, and 
5600, respectively. The observations used a nodding along the 
slit approach, with a typical offset between individual exposures 
of 5" for PA = 121° and 3" for PA = 13°, adapted to avoid any 
overlapping in the combination of consecutive exposures. 

The data were reduc ed with a preU mina ry version of the 
ESO X-shooter pipeline dGoldoni et a l."2006: Modiglia ni et al.l 
2010). Bad pixels were found using calibration frames, and cos- 
mic ray hits were detected and cleaned using the L.A. Cosmic 
routine ('van Dokk uml200"lh . In the NIR arm, the sky background 
emission was subtracted with the help of adjacent exposures 
where the two components, either A2 - A3 or A2 - galaxy lens, 
were offset along the slit. Then, the data were flat-fielded, and 
wavelength-calibrated, and the trace of each order detected using 
calibration frames. The final products from the pipeline are 2D 
rectified spectra with the individual orders merged in a weighted 
scheme, using the error spectra derived and propagated in the 
pipeline. 

The respective ID spectra of the images A2 and A3 of the 
8 o'clock arc were extracted from the 2D pipeline-produced 
spectra, using adapted extraction windows. They were then co- 
added using their signal-to-noise ratios (S/N) as weights, when 
several exposures of the same lensed image observed with the 
same spectrograph arm and at the same position angle were 
available. Preliminarily the ID NIR spectra were corrected for 
telluric absorption by dividing them by the normalized spectra 
of the B5V star Hip022840 and the B5 star Hip023946, ob- 
served with the same instrumental set-up and at approximately 
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the same airmass as the 8 o'clock arcQ- Absolute flux calibra- 
tion applied to the NIR spectra was based on the standard star 
BD-i-174708 whose spectrum was recorded during the same 
nights as the 8 o'clock arc. To derive the transmission of X- 
shooter, we used the fluxe s of this star measured with the HST 
as reference (lBohhnll2007h . 

2.2. HST imaging 

We made use of the high-resolution optical and NIR imaging 
data taken with the Wide Field Planetary Camera 2 (WFPC2) 
and Near Infrared Camera and Multi-Object Spectrometer 2 
(NICMOS2) instruments on the Hubble Space Telescope, which 
are available from the HST archive under the program ID 
No. 11167 (PI: S. S. Allam). The 8 o'clock arc is clearly 
resolved, and was observed in five bands B, V, I, J, and 
H, with the respective filters WFPC2/F450W, WFPC2/F606W, 
WFPC2/F814W, NIC2/F1 lOW, and NIC2/F160W. A total expo- 
sure time of 4 X 1100 s per BVI bands, 5120 s in the J band, 
and 4 x 1280 s in the H band was obtained and consists of in- 
dependent frames. The WFPC2 BVI frames, with a pixel scale 
of 0.1", were arranged in a four-point dither pattern, with ran- 
dom dithered off'sets between individual exposures within 1" in 
right ascension and declination. The NICMOS2 JH frames, with 
a pixel scale of 0.075", were also arranged in a four-point dither 
pattern, but with offsets between individual exposures of 2.5". 

To combine independent WFPC2 frames into a final frame 
for each band and reject cosmic ray hits, we used the drizzle rou- 
tine of|Fruchter & Hook (2002), which also corrects for instru- 
ment geometric distortions. In the drizzling, we chose the param- 
eters pixfrac = 0.8 and scale = 1.0 to be able to effectively re- 
move noisy pixels from cosmic ray hits, but also extract the mor- 
phological information of the lensed structure without introduc- 
ing artifacts. The chosen parameters resulted in a point-spread 
function (PSF) FWHM of 0.18 - 0.2" for the WFPC2 images. 
A similar procedure was used for the reduction of NICMOS2 
frames, but a number of instrument-specific improvements were 
included (such as the flagging of hot/cold pixels), following the 
prescriptions given in Richard et al. (2008). This yielded a PSF 
FWHM of 0.12" for the NICM0S2 images. AH HST images 
were then registered onto one another, using bright isolated point 
sources in the common fields to ensure precise photometry over 
the same regions of the 8 o'clock arc. 

3. Analysis 

3.1. Piiotometry 

Because the 8 o'clock arc is fully resolved in the HST images, 
we could derive the overall photometry in the multiple images 
of the lensed LBG and, in particular of A2 and A3 chosen for X- 
shooter spectroscopy. The measurements were performed using 
the SExtractor software (Berlin & Arnouts 1996) in the "double- 
image" mode. We used the WFPC2/F450W band as the detec- 
tion image, and measured the fluxes in 1 .0" diameter apertures 
across all HST bands. The WFPC2/F450W band was chosen as 
the detection image because it offers the best contrast to detect 
the 8 o'clock arc images and to separate their light from the lens- 
ing luminous red galaxy. 1 .0" diameter apertures were chosen to 
match the 0.9" slit width of the X-shooter NIR spectra, which 
then allow a direct comparison between HST images and ground 

' The flux of the 8 o'clock arc spectra was set to zero whenever the 
atmospheric transmission was below 10%. 



Table 1. HST and Spitzer photometry of the 8 o'clock arc im- 
ages A2 and A3 









A2 


A3 


Filter 




Band 


AB magnitude 


AB magnitude 


F450W 




B 


21.94 + 0.10 


22.04 + 0.10 


F606W 




V 


21.36 + 0.10 


21.37 + 0.10 


F814W 




I 


21.10 + 0.10 


21.21+0.10 


FllOW 




J 


21.12 + 0.10 


21.27 + 0.10 


F160W 




H 


20.77 + 0.10 


20.83 + 0.10 


F160W - 


3.6yum 


IR color 


0.61+0.12 


F160W - 


4.5 yum 


IR color 


0.93 + 0.12 


F160W - 


5.8 yum 


IR color 


0.94 H 


t0.12 


F160W - 


8.0yum 


IR color 


0.78 H 


t0.12 



Notes. The tabulated AB magnitudes of A2 and A3 correspond to the 
total photometry of the components main-l-blob as defined in Sect. l3.2l 
The errors on the magnitudes were derived from the noise measured in 
the images, scaled to the size of the aperture used for color measure- 
ments. A 0.05 magnitude error in the zero-point calibration was added 
in quadrature. 



based spectra. For NICMOS2 photometry, the WFPC2 images 
had to be first convolved with a Gaussian filter matching the 
sHghtly diff^erent FWHM of the NICMOS2 PSF This ensured 
accurate color measurements between the WFPC2/F450W and 
NICMOS2 bands. Then, an estimate of the total flux of A2 and 
A3 was provided by MAGAUTO measured in the detection image. 
We checked from the segmentation image that the regions used 
by SExtractor for the flux measurements correspond well to the 
entire A2 and A3 counterparts in the image. We estimated an er- 
ror of 0. 1 mag in the absolute flux normalization, but this does 
not affect the colors used for the SED fitting (see Sect. 14. lb . The 
final photometry of the lensed images A2 and A3, normalized to 
the absolute flux in the detection image, is given in Table[T] 

The 8 o'clock arc was also observed with the Infrared Array 
Camera (IRAC) on the Spitzer Space Telescope in the 3.6, 4.5, 
5.8 and 8.0 microns bands. The pre-reduced images are accessi- 
ble in the Sp itzer archive , and th e final reduction steps are sum- 
marized in IRichard et al.l ([201 1). Similarly to what we describe 
above, we convolved the NICMOS2 images with the PSF of the 
IRAC frames, and measured the mean NIC2/F160W - IRAC 
colors over the lensed images A2 + A3, unresolved in the Spitzer 
images, using larger 3.0" diameter apertures. Because of the size 
and distance of the lensing galaxy (located at less than 4" from 
the midpoint between A2 and A3), its contamination appeared in 
the form of an additional background level, nearly constant at the 
locations where the IRAC colors of A2-I-A3 were measured. This 
was removed when we made the photometric measurements. 
The comparison of the IRAC-PSF-convolved NIC2/F160W pho- 
tometry with or without the central galaxy modeled and sub- 
tracted, however, leads to a contamination of less than 5% in the 
overall photometry. The derived IR colors are listed in Table[T] 

3.2. Gravitationai iens modeiing 

In order to derive accurate magnification factors and reconstruct 
the morphology of the 8 o'clock arc in the source plane, we 
had to correct for distortions produced by the galaxy lens. To 
do so, we constructed the gravitational lens model of the sys- 
tem , using the p ublic softwai-e LENSTOOL (iKneib et al.lll993l: 
Ju Uo et al.l2007l) . The high resolution of WFPC2 and NICMOS2 
HST images allowed us to pin down precisely the bright cen- 
troid in each of the four detected counterpart images Al to A4 
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Fig. 1. Left. WFPC2/F450W black/white image of the 8 o'clock arc showing the positions of the four lensed images of the main 
galaxy component in red and the blob in blue. The two brightest images labeled A2 and A3 were targeted for spectroscopy with X- 
shooter. The large ellipse corresponds to the external critical line at the redshift of the arc as derived from lens modeling (Sect. [T2l l. 
Right. WFPC2/F450W-F650W-F814W composite-color image showing the reconstructed morphology of the 8 o'clock arc in the 
source plane, as derived from the best-fit lens model. The source is formed of two major parts, the main galaxy component (on the 
left) and a smaller blob (on the right) separated by 0.15 arcsec, or equivalently 1.2kpc in projected distance. The blob has a twice 
higher magnification factor than the main galaxy component. In both panels, the horizontal scale bar refers to 1 arcsec. 



of the lensed LBG. We used these multiple images as indepen- 
dent constraints on the mass distribution, assumin g it fo l lows a 
pseudo-isothermal elliptical profile (see Limo usin et al.l (l2007h 
and Richard etjiL (2010) for a precise description of this pro- 
file). We fixed the center of the mass distribution on the bright 
central galaxy of the system, but kept the ellipticity, e, posi- 
tion angle, 9, velocity dispersion, cr, and core radius, r^, as 
free parameters. The best-fit parameters of the mass distribu- 
tion are obtained with e - 0.44 + 0.16, - 14° + 2° (east 
from the north), cr = 348 + 77kms"', and Tc - 2.1^Q2kpc; 
the associated error bars are estimated from the range of mod- 
els s ampled by the Markov Chain Monte Carlo (MCMC) sam- 
pler (lJullo et al.l2007h . The external critical line at the redshift of 
the 8 o'clock arc is overplotted in Fig. [1] (left-hand panel). The 
best lens model yields an integrated mass within the Einstein 
radius (< 3.32") of 1.96 x 10'^ M©, under the assumed cos- 
mology. This is very cl ose to the earlier lens modeling of the 
8 o'clock arc made bv lAllam et al.l (l2007i) . who found an inte- 
grated mass of 1.93 X lO'^M© within the same Einstein radius. 
Similarly, the authors found a comparable central velocity dis- 
persion cr - 390 + 10 km s"', but with an error certainly un- 
derestimated because of the specific model (single isothermal 
elliptical) they assumed. 

The best-fit model allowed us to estimate the overall mag- 
nification factors, yu, for each image A2 and A3 targeted with 
the X-shooter spectrograph. These values are given in Table |4] 
More importantly, the best-fit model could then be used to derive 
the geometrical transformation necessary for mapping the image 
plane coordinates into the source plane, and hence reconstruct 
the morphology of the 8 o'clock arc seen in the HST images in 
the source plane at z = 2.7350. A reconstructed WFPC2/F450W- 
F650W-F814W composite-color image is shown in Fig.[T](right- 
hand panel). We clearly see that the source is formed of two 
major parts, the main galaxy component and a smaller blob sep- 
arated by 0.15 arcsec, or equivalently 1.2kpc in projected dis- 




Fig. 3. Zoom on the wavelength-calibrated rectified sky- 
subtracted 2D spectrum around the nebular emission line Hy 
plotted between 1618 and 1625 nm. The wavelength scale grows 
from left to right, and the pixel scale perpendicular to the disper- 
sion direction is equal to 0.2"/pixel. Residuals of two sky lines 
are observed on both sides of the Hy emission. The lower trace 
corresponds to the Hy emission from A2 and the upper trace to 
the Hy emission from A3. In the lensed image A2, two emis- 
sion components are clearly distinguishable in the 2D Hy pro- 
file, separated in the spectral direction by ~ 130 kms ' and in 
the spatial direction by ~ 1". In the lensed image A3, one can 
also perceive two emission components, separated in the spec- 
tral direction only and with the bluest one being significantly 
weaker. 



tance. The corresponding lensed images of both the main com- 
ponent and the blob are indicated in Fig. [1] (left-hand panel). It 
is certainly the higher magnification factor of the blob (twice 
the one of the main galaxy component) that enables us to re- 
solve it in the source plane. The respective sizes (half-light radii) 
of the main galaxy component and the blob are 1.8 + 0.2 kpc 
and 0.53 + 0.05 kpc. Their errors were estimated by running 
SExtractor in a sample of source plane realizations, sampling 
the MCMC parameters of the lens model. 
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Fig. 2. Selection of nebular emission lines, free from strong atmospheric absorption, detected in the lensed image A2 (left-hand 
panels) and in the lensed image A3 (right-hand panels) of the 8 o'clock arc. In all panels, the black histogram represents the flux- 
calibrated data with 1 cr errors as a function of vacuum-heliocentric-corrected wavelengths. The red continuous line is the best-fitted 
profile, and the red dotted line shows the fit of the two best individual Gaussian components with the respective parameters given in 
Table [3| The cyan shaded area represents 68% of the Monte Carlo runs, generated from the perturbation of the observed spectrum 
with a random realization of the error spectrum. The respective atmospheric transmission is plotted below each panel. The flux is 
set to zero (with large error bars) whenever the atmospheric transmission falls below 10%. 
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Table 2. Nebular emission lines identified in the 8 o'clock arc images A2 and A3 with their fluxes 









A2 




A3 




Line 


^lab (A)° 


^tot 


F 

main 


-fblob 




Comments 


[On] 


3727.0897 


32.9 + 2.7 


20.7 ± 2.0 


12.3 ± 1.5 


24.9 ± 5.2 


Strongly affected by telluric absorption 


[On] 


3729.8804 


29.1 + 1.8 


18.3 ± 1.5 


10.8 ± 1.1 


22.4 ± 2.2 


Strongly affected by telluric absorption 


[Neiii] 


3869.8468 


11.0 ±0.6 


6.9 ±0.5 


4.1 ±0.4 


6.9 ± 0.7 


Partly affected by telluric absorption 


ns 


4102.8976 


8.5 ±0.6 


5.4 ± 0.5 


3.3 ± 0.7 


5.0 ±0.7 


Partly affected by sky residuals 


Hy 


4341.6903 


17.9 ±0.4 


11.3 ± 1.5 


6.7 ± 1.4 


12.7 ± 0.6 




w 


4862.6880 


46.0 ± 2.7 


28.9 ±2.1 


17.1 ± 1.9 


27.2 ± 2.7 


Strongly affected by telluric absorption 


t^inferred 




44.5 ± 1.8 


28.4 ± 5.0 


16.1 ±4.4 


31.3 ±2.8 




[Om] 


4960.2939 


50.5 ±4.7 


31.7 ±3.1 


18.8 ±2.7 


27.3 ±5.7 


Strongly affected by telluric absorption 


Ha 


6564.6329 


181.2 ±9.6 


120.7 ± 11.2 


60.5 ± 8.4 


125.8 ± 17.7 


Partly affected by telluric absorption 


H/T ^ 

intrinsic 




452.2 ± 72.2 


336.2 ± 130.0 


123.5 ±73.2 


302.5 ± 125.3 




[Nil] 


6585.2284 


19.5 ±3.7 


15.6 ±3.8 


4.0 ±2.7 


20.1 ±5.0 


Noisy (2 - 3 (X detection) 



Notes. Integrated line fluxes in units of 10"" erg s"' cm"^. 

For A2 are listed the total fluxes, F,at, and the individual fluxes corresponding to the decomposition of the line profiles into two Gaussian compo- 
nents associated with the main galaxy, F„,ain, and a star-forming blob, Fbiob, as described in Sect. l3.3l 
Vacuum (laboratory) rest-frame wavelengths. 

Inferred Hf} line fluxes from the Hy line flux and the E(B - V)gas color excess derived from the Ha/Hy Balmer decrement (Sect.|4j2j- 
Intrinsic Ho- line fluxes after correcting for dust extinction by E(B - V)^^ values derived from the Ha/Hy Balmer decrement (Sect.|4j2j. 

Table 3. Parameters of the Gaussian two-component fits for the 8 o'clock arc images A2 and A3 as constrained from the Hy profile 







A2 




A3 




Component 




cr (km s-')° 




cr(kms-')° 


1 


2.73423 ± 


0.00012 


67 ±7 


2.73357 ± 0.00040 


68 ±30 


2 


2.73584 ± 


0.00009 


45 ±4 


2.73565 ±0.00016 


61 ±9 



Notes. 

After subtracting in quadrature the instrumental resolution. 



3.3. Nebular emission lines 

Our X-shooter spectra cover two of the four lensed images of 
the 8 o'clock arc, a star-forming galaxy at the systemic redshift 
Zsys = 2.7350 + 0.0003 (DZIO). They exhibit a rich rest-frame 
UV spectrum studied in detail by DZIO, and a rich rest-frame 
optical spectrum with a number of nebular emission lines su- 
perposed on a weak continuum, which we describe below. The 
achieved S/N in the NIR allows us to analyze the spectra of the 
images A2 and A3 independently. Emiss ion lines b lueward of 
Hy were previously not reported by Fi nkelstein et al.l (1200 9 ). be- 
cause they are not covered by their spectra. In Table|2]we list the 
detected nebular emission lines in A2 and A3. A selection of 
them, free from atmospheric absorption lines, is reproduced in 
Fig.E] 

As seen in Fig. |2] the nebular lines of the 8 o'clock arc 
show asymmetric profiles, suggesting they consist of more than 
one component, and more surprisingly, they show different pro- 
files between the lensed images A2 and A3. Inspection of the 
2D spectra (see Fig. |3] showing the 2D Hy profile) confirms 
the presence of mainly two components and a difference in 
the emission distribution between A2 and A3. In the image A2 
the two components are clearly distinguishable, being separated 
by ~ 130kms ' in the spectral direction and spatially shifted 
by ~ 1", while in the image A3 we observe two components 
with a very similar separation in the spectral direction, but with 
the bluer component that is significantly weaker and without 
spatial separation. We are tempted to interpret the redder, spa- 
tially shifted component of A2 as the spectral signature of the 
star-forming blob identified in the reconstructed source plane 
(Sect. [T2I 1. Indeed, with a magnification factor more than twice 
higher than that of the main galaxy, we may expect that its emis- 



sion is sufficiently boosted by gravitational lensing to be spec- 
troscopically detected. The blob should also have a counterpart 
image toward A3 with a similar magnification factor fi = 11.9 
(Fig in left-hand panel). The redder component of A3 might cor- 
respond to the emission from the blob, because it is almost at an 
identical velocity to that of the redder component in A2 (see 
Table |3]l. To explain the lack of its spatial shift and its signifi- 
cantly larger strength relative to the bluer component, while the 
redder and bluer components are roughly the same strength in 
A2, we can possibly blame the sht orientation, which did not 
optimally cover the lensed image A3, resulting in a partial loss 
of the spectral information, either on the blob's or main galaxy's 
spatial and velocity structure. As an alternative explanation, we 
can advocate a local magnification of the image A2 owing to 
the presence of substructure in the lens plane, which makes it 
looks a bit more extended/brighter compared to the other lensed 
image A3. Follow-up observations are necessary to distinguish 
between these two possibilities and to understand the complex 
velocity structure of images A2 and A3 in the rest-frame optical 
spectra. 



The nebular emission lines were analyzed with a multi- 
Gaussian fitting procedure based on the non-linear mini- 
mization and the Levenberg-Marquardt algorithm. Windows of 
the NIR spectrum with atmospheric transmissions falling below 
10% were excluded from the multi-Gaussian fitting. Varying the 
number of possible Gaussian components in the fits, a combina- 
tion of two Gaussian profiles yielded the best-fit solution for all 
observed line profiles. Hy, the most reliable line, which is free 
from telluric absorption and sky residuals, was used to constrain 
the best-fit values of redshifts (Gaussian centroids), Zem, and ve- 
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locity dispersion^ (Gaussian widths), cr, of the two Gaussian 
functions. We also used it for the fitting of all other nebular 
lines; only amplitudes were allowed to vary. H/3, [O iii] A4960 
and the [On] doublet, all heavily affected by atmospheric ab- 
sorption lines, were even fitted by fixing the amplitude ratio of 
the two Gaussian profiles to that of the Hy profile. Errors on the 
values of Zem, o" and fluxes were estimated using a Monte Carlo 
approach, whereby the observed spectrum was perturbed with a 
random realization of the error spectrum and refitted. The pro- 
cess was repeated 1000 times and the error in each quantity was 
taken to be the standard deviation of the values generated by the 
1000 Monte Carlo runs. 

We obtained a satisfactory fit for all nebular lines, which 
demonstrates the robustness of the procedure and the reliabil- 
ity of the Hy profile as calibrator. The corresponding best-fitted 
Gaussian profiles with their errors are shown in Fig. |2] with red 
continuous lines and cyan-shaded areas that delimit 68% of the 
generated Monte Carlo runs. Moreover, the best fit obtained in 
this way for the blend of the light that comes from the main 
galaxy and the blob in A2 agrees within 1 cr with the results 
we obtained when we separately and manually extracted the two 
corresponding signals from the 2D Hy profile. Given the limited 
S/N of our observations, we believe that a single extraction from 
the 2D spectrum and a multi-Gaussian treatment of the blended 
components leads to the most reliable results. 

In Table[3]we list the best values of redshifts and velocity dis- 
persions as constrained from the Hy profile for the two Gaussian 
functions that were used to fit all observed nebular lines of the 
8 o'clock arc images A2 and A3. Averaging the four redshifts 
of the two Gaussian functions of A2 and A3 yields a mean red- 
shift of the ionized gas of (Zem) = 2.7348 + 0.0005, which ex- 
cellently agrees with Zsys = 2.7350 + 0.0003 determined for 
the 8 o'clock arc by DZIO from photospheric absorption lines 
and emission lines detected in the rest-frame UV spectrum. Our 
wavelength calibration solution was, in addition, cross-checked 
over the entire NIR spectral range by fit ting Gaussian function s 
to the more than 400 sky lines listed in lRousselot et alJ (l2000h . 
We obtained a median accuracy of the wavelength solution of 
0.2 A, i.e., half a pixel, or ~ lOkms This definitely con- 
firms an offset of about 225 km s"' between the systemic redshift 
as det ermined from X-shooter spectra and by iFinkelstein et alJ 
(120091 Zsys = 2.7322 + 0.0012). The superiority of our data be- 
cause of a 10 X higher spectral resolution clearly makes our red- 
shift determination more reliable. 

The measured nebular line fluxes are listed in Table |2] We 
provide the respective individual fluxes of the two Gaussian pro- 
files plus the total fluxes (sum of the two profiles) for the image 
A2 and the total fluxes only for the image A3. Our total line 
fluxes derived for Ha and Hy a gree very well with the measure- 
ments obtained by iFinkelsteiiTet alJ (12009) for both the images 
A2 and A3. For U/3, [O m] A496Q, as well as [N ii] /16585, the dis- 
crepancy is large, on the other hand. The li/3 and [O iii] lines are 
heavily affected by atmospheric absorption lines in the J and H 
bands and the [N ii] line is relatively weak, which makes their re- 
spective flux measurement particularly difficult. Benefiting from 
higher quality NIR spectra than those of Finkelstein et al., our 
flux measurements are expected to be more accurate. 




, I , , , L 

4 6 
wavelength [/.im] 



Fig. 4. Observed SED of the 8 o'clock arc with the photometry of 
the lensed image A2 not corrected for gravitational lensing (blue 
points with error bars). Best-fit SED models obtained with tem- 
plates with nebular emission (black line and red crosses showing 
the synthetic fluxes in the broad-band filters) and without nebu- 
lar emission (magenta line). The dotted magenta lines show the 
contributions of a two-population fit, assuming a maximally old 
stellar population (~ 2.3 Gyr for an instantaneous burst), plus a 
younger stellar population with a variable age and star-formation 
history. The sum of the two (green dashed line) also provides a 
reasonable fit. Its stellar mass, however, significantly exceeds the 
dynamical mass. 



^ The velocity dispersion is related to the width of a line through 
(T = FWHM/2.355 x c/Aou, where FWHM is the full-width-at-half 
maximum in wavelength of a line at Aobs- 



4. Physical properties 

Thanks to the magnification provided by gravitational lensing, 
we detected a larger number of nebular emission lines in the 
8 o'clock arc and this with a higher S/N than what is typi- 
cally seen in unlensed high-redshift objects. These emission line 
fluxes which are collected in Table |2] and their ratios allow us 
to probe several physical properties that characterize the ion- 
ized gas of the lensed LBG and the galaxy itself. The multi- 
wavelength photometry (Table [1) also provides complementary 
valuable physical quantities on the galaxy via the spectral en- 
ergy distribution (SED) modeling. In the following, we make 
the assumption that the gas in the 8 o'clock arc is ionized by 
OB stars, with negligible contributions from an active galactic 
nucleus (AGN), given the low [Nii]/Ha line ratio of ~ 0.15. 
Table |4] lists all the physical properties derived as described in 
the sections below. For the lensed image A2, we separately re- 
port the physical quantities corresponding to the total A2 line 
profile (column 2) and to the decomposition of the A2 line pro- 
file into the main galaxy component (column 3) and the smaller 
blob (column 4), as identified in the reconstructed source plane 
(Sect. [T2b . For the lensed image A3, we report only the physical 
quantities corresponding to the total A3 line profile (column 5). 
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Table 4. Physical properties derived for the 8 o'clock arc images A2 and A3 







A2 




A3 






Total 


Main 


Blob 


Total 


Reference 


Magnification factor /j 


5.0+ 1.0 


5.0 ± 1.0 


11.7 ±2.3 


3.9 ±0.8 


Sect.l3.2l 


Half-light radius rj/T (kpc) 


1.8 ±0.2 


1.8 ±0.2 


0.53 ± 0.05 


1.8 ±0.2 


Sect.im 


E(B - V)gas'' 


0.30 ± 0.04 


0.34 ±0.10 


0.23 ±0.15 


0.29 ± 0.09 


Sect.l42l 


E{B - vy 


0.23 + 0.10 






0.16 ± 0.10 


Sect. [42] 


E(B - V)sta,s • 






0.19 H 


: 0.04 


Sect.l4n 


12 + 10g(U/H)N2 


c 'X'^ -1- n 10 
S.OJ ± U. iV 




O.ZZ ± U.ZJ 


0.40 ± u.iy 


ject.l4. jl 












Serf IT^ 




> 8.09 


> 8.09 


> 8.09 


> 8.18 


Sect. [431 


SFRH„(Mmvr"i)'' 


279 ± 45 


207 ± 80 


33 ± 19 


239 ± 99 


Sect.l44l 


SFRuv (MfT) yr^'y 


156 ± 110 






198 ± 140 


Sect. 1441 


SFRsed(M0 yr"')'' 






162 


+ 124 
-95 


Sect. 143] 




134 ± 67 


89 ± 45 


45 ± 23 


139 ± 72 


Serf l4~5l 




187 + 124 




SI + 4.Q 


jg7 + J52 


Serf 




30 + 2 


19 + 3 


11+3 


29 + 3 


Serf l4~5l 


lVo(H8)(A)* 


47± 14 


35 ±22 


13 ± 12 


44 ±23 


Sect. 133] 


Wo(Hq')sed (A)" 






255 


±95 


Sect. 1411 


Age (Myr)'' 






40 


+25 

-2.0 


Sect.l4l] 


M^a^dO" Mq)'' 






7.9 


Sect. 133] 


Mga.dO'Mo)' 


20.9 ± 3.9 


17.6 ±5.6 


2.2 ±0.9 


19.1 ±6.4 


Sect.|46.l| 


Mdy„,„,(10''Mo)'" 


16.0 ±4.9 


8.4 ± 2.7 


1.1 ±0.3 


20.2 ± 15.9 


Sect.|4.6.2| 


Mdyn.d.pdO'Mo)" 


14.3 ±4.5 


12.6 ±4.0 


1.7 ±0.5 




Sect.l4.6.2l 



Notes. For A2 are listed the total values and the individual values corresponding to the main galaxy and the star-forming blob, as described in 
Sects. HJandO 

Gas-phase (nebular) dust extinctions computed from the Ho'/Hy Balmer decrement. 

St ellar dust extinctions derived from the UV slopes, measured from the observed (V - /) colors (Table [T), following the prescriptions of 
iBouw ens et al. (2009). 

Stellar dust extinction derived from the SED modeling and corrected for the Galactic dust extinction, E(B - V)'-'''' = 0.056, at the position of the 
8 o'clock arc ( S chlegel et al, 1 998). 

**_Combined SED modeling results obtained with and without the treatment of nebular emission (continuum plus lines) and scaled to the lChabried 
( 1200 3) IMF. The predicted Wo(Hq')sed comes, of course, onl y from SED models in cluding the nebular emission. 

Oxygen abundances derived from the N2 calibration from lPettini & Pagel ( l2004h . The errors include the 0. 1 8 dex systematic uncertainty in the 

N2 calibration zeropoint. 

^ Gas-phase metallicities relative to the solar value of 12 + log( 0/H)(T| = 8.69 dAsplund et al.ll2b09l) . 

Oxygen abundances derived from the Ne302 calibration from Nagao e t al.l ( 120061) . 

Star-formation rates computed from the Ho- luminosity and corrected for dust extinction by E{B - V)„as values and for gravitational lensing by 
the magnification factor \i. 

Star-formation rates computed from the UV continuum luminosity at the rest-frame wavelength of 1600 A and corrected for dust extinction by 
E(B - V)stars values and for gravitational lensing by the magnification factor yi. 

Rest-frame equivalent widths computed from the observed Balmer line and local continuum fluxes, assuming that the same dust extinction 
applies to the nebular and stellar emission. 

**' Rest-frame equivalent widths computed from the dust-corrected Balmer line and local continuum fluxes, assuming that the gas-phase dust 
extinction, E{B - V)giis, applies to the nebular emission and the stellar dust extinction, E{B - V)stais, applies to the stellar continuum. 

Gas masses derived from the Ho- star-formation rates, SFRhs, through the Schmidt-Kennicutt relation. The rest-frame UV star-formation rates, 
SFRuv, corrected for dust extinction by E{B - V')stars values, lead to smaller gas masses by a factor of up to ~ 1.4. 
("') Dynamical masses derived under the assumption of rotation-dominated kinematics. 

Dynamical masses derived under the assumption of dispersion-dominated kinematics. 



4.7. SED modeling 

To estimate the physical properties of the stellar population of 
the 8 o'clock arc, we fitted the observed broad-band SED wit h 
our fitting tool described in ISchaerer & de BarrosI (I2009ll2010h . 
To estimate uncertainties on the fit parameters, we used Monte 
Carlo simulations with typically 1000 realizations of the data. 
The images A2 and A3 were fitted separately, using the photom- 
etry given in Table[T]after correcting for magnification by factors 
fi^^ = 5.0 and /z'*^ = 3.9, respectively. Because A2 and A3 are 
different images of the same galaxy and because their (lensing- 
corrected) photometry is quite consistent, we determined the 
physical properties of this object from the total probability dis- 
tribution function of the two lensed images. The indicated un- 
certainties are derived from the 68% confidence interval. 



In practice, the SED fits are carried out with the following 
assumptions and templates, and varying the following param- 
eters. We adopted the Bruzual & Chariot (2003) sp ectral tem- 
plates with solar metallicity, assuming a 

Salpetd (Il955h mi- 

tial mass function (IMF) from 0.1 to 100 M©. We allowed 
for 10 exponentially declining star-formation histories with e- 
folding times between 30 Myr and 3 Gyr and for a constant 
star-formation rate. Nebular emissi on (lines and continuum) was 
optionally included, following the ISchaerer & de BarrosI (l2009l 
2010) prescriptions. The Lya emission line flux was set to zero, 
as observed and understood from radi ation transfe r mode ls (see 
DZIO). Extinction, described by the Calze tti et aP dlOOO) atten- 
uation law, was varied from A{V) - to 2 mag, in steps of 
0.05 mag. A Galactic foreground extinction E(B - V)*^"' = 0.056 
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was taken into account (ISchlegel etalJll998h . The redshift is 
fixed by the spectroscopic observations. 

The derived fitting parameters are the visual extinction, 
A{V), the age of the stellar population (defined as the age since 
the onset of star formation), the stellar mass, Mstars^ and the 
current star-formation rate, SFRsed- When nebular emission is 
included, we also predict the Ha rest-frame equivalent width, 
Wo(Ha)sED, which can be compared to values obtained from our 
observations. The ID confidence level for each physical param- 
eter is derived by marginalization over all other parameters. 

Good fits are obtained with and without nebular emission, as 
shown in Fig.|4] and the respective overall physical properties are 
quite similar. The resulting ages and star-formation timescales 
are comparable, implying that the derived parameters are similar 
to values obtained if we assume a constant SFR. Typically, we 
find, within 68% confidence level, A{V) ~ 0.55 - 1 mag, ages 
of ~ 20 - 65 Myr, stellar masses OfM,tars ~ (6- 11)X IO'^Mq, 
and star-formation rates of SFRsed ~ 55 - 340Moyr"' from 
models with and without nebular emissiorQ. The main differ- 
ences between SED models with and without nebular emission 
are observed in ages and dust extinctions; they remain compati- 
ble within 68% confidence level, however For example, we find 
A(V) - 0.87+° [2mag for standard templates and A(y)stai-s - 
0.65 + 0.10 mag with nebular emission. The latter fits may indi- 
cate a somewhat lower extinction than derived from the Balmer 
decrement (see Sect. I4.2l i. but the difference is not significant, as 
discussed in Sect. 15.11 The predicted Ha rest-frame equivalent 
width of the model with nebular emission, Wo(Hc!') - 255 +95 A, 
is sHghtly too large compared to the observations (see Sect. l4.5l l. 

Comparing our re sults to the SED fits obtained by 
iFinkelstein et al.l (l2009i) . we note that our stellar mass estimate 
is significantly lower than theirs, Mjtars ~ 4.2 X 10" Mq de- 
termined with a Salpeter IMF, by more than one order of mag- 
nitude. Their photometry comes from the SDSS, plus H and K' 
images from the Near InfraRed Imager and Spectrometer (NIRI) 
on the Gemini North telescope, whereas we used the more reli- 
able HST and Spitzer photometry up to 8.0 microns. Assuming 
that the SEDs shown in their Fig. 7 correspond to observed, 
lensing-corrected fluxes, it appears that the NIR fluxes (for in- 
stance in the H band) agree quite well for the image A2, but 
for the image A3 their //-band flux is nearly twice as high as 
ours (assuming a magnification factor fi^^ = 3.9). Moreover, 
they incorrectly determine the galaxy stellar mass by summing 
the contributions from images A2 and A3, whereas A2 and A3 
represent two lensed images of the same object. The main differ- 
ence probably comes from their preference for a two-burst stel- 
lar population model with a maximally old component, which 
yields stellar masses of Mstars ~(l-3)xlO" M0 for images 
A2 and A3. We have investigated to which extent an old stel- 
lar population (~ 2.3 Gyr for an instantaneous burst) may be 
present. The IRAC fluxes from 3.6 to 8.0/^m are, indeed, com- 
patible with such a population, which accounts for up to ~ 50% 
of the IRAC fluxes, as shown in Fig.|4] In this case, we obtain a 
stellar mass as large as Msta rs ~ 1-8 x 10'^ M(T) for the old popu- 
lation, similarly to Finkelste in et al.l (l2009t) . plus a 7 - 8x lower 
mass for the younger population. There is not much more room 
for a larger contribution of the old population because otherwise 
the NIR SED (^ 2 jjm) is underpredicted by the young popu- 
lation. Nevertheless, such a large stellar mass is not compatible 



^ The stellar masses and star-formation rates were corrected by the 
factor of 1.8 to account f or the flattening of the IChabriel d200a IMF 
compared to the Salpeter dl955t) IMF, and have consistent results with 
those of Sects. I4.4l andl4. 61 



with our dynamical mass estimate (see Sect. I4.6.2I I. because it 
should not exceed the dynamical mass. In summary, we exclude 
the presence of a dominating old stellar population. With a stel- 
lar mass of Mstai-s ~ (1 - 2) x 10'" Mq (with the Salpeter IMF), 
derived from our SED fits based on recent WFPC2, NICMOS2 
and IRAC observations onboard HST and Spitzer and using our 
well-tested fitting tools, the 8 o'clock galaxy falls close to the 
median of the M stars distribution of z ~ 2 star-forming galaxies 
(lErb et al.ll2006bl) . 

4.2. Dust extinction 

The dust extinction is best derived from the Balmer decrement 
because the Balmer lines have well constrained flux ratios from 
statistical equilibrium calculations. Any deviation from the the- 
oretical values are attributed to the gas-phase (nebular) dust red- 
dening. In the 8 o'clock arc, the Ha/Hy ratio leads to the most 
reliable dust extinction estimate because these two lines are the 
least affected by telluric absorptions and sky residuals. As is 
common practice in the analysis of Hii regions, we assumed 
Case B recombination, an electron temperature - 10'*K, 
and electron densities in the ra nge rig = 10^ - lO^'cm'^ for 
the intrinsic Balmer line ratios (Osterbroc^lim. The corre- 
sp onding intrinsi c Ha/Hy ratio is equal to 6.159. Considering 
the lCalzetti et al.l (|2000) starburst reddening curve, the observed 
Ha/Hy ratios imply gas-phase color excesses E(B - V)^^^ = 
0.30 ± 0.04 for the image A2 and £(8 - V)^^ = 0.29 + 0.09 
for the image A3. We stress that the correction of the Galactic 
extinction, E(B - V) *^"' - 0.056, at the position of the LBG 
dSchlegel et alj[T998l) . is negligible at the observed NIR wave- 
lengths of Balmer lines. 

The respective gas-phase color excesses of images A2 and 
A3 agree very well, as do their respective V - I colors (see 
Table [TJ. Indeed, the UV slopes, /?, measured fro m the observed 
V - /) colors, following the prescriptions of iBouwens et al.l 
20091) . are /? = -1.20 + 0.43 (-1.50 + 0.43) for A2 (A3). This 
translates to E(B - V)/i = 0.23 + 0.10 (0.16 + 0.10) for A2 (A3). 
As a result, the respective gas-phase and stellar dust extinctions 
of the two images A2 and A3 are very similar. This is what is ex- 
pected because in the context of the gravitational lens modeling, 
the lensed images A2 and A3 represent physically the same re- 
gions. Our derived E{B - V)p „^ excellently agrees with the color 
excess of A2 determined by IFinkelstein et al] (|2009|) from the 
same Ha/Hy ratio. However, they find a significant dust extinc- 
tion difference between images A2 and A3, both on the basis of 
the Ha/Hy ratio and broadband photometry (see their Table 3 
and Fig. 7), which we here confirm, based on better data (X- 
shooter spectra and HST images), should not be the case. 

The Gaussian decomposition of the A2 line profile into a 
first component associated with the main galaxy and a second 
one with flie star-forming blob yields E(B - V)™'" = 0.34 + 0.10 

and E(B - V)^°^ = 0.23 + 0.15, respectively. These values show 
a trend toward a smaller color excess in the blob, however, the 
trend is only marginal because all measurements are within 1 cr 
errors. 

One important application of the determined dust extinction 
is for inferring fluxes of Balmer lines, when those are only par- 
tially or not detected. This is particularly interesting in the case 
of the 8 o'clock arc for the H/5 line, whose profile is only partially 
detected because the atmospheric transmission falls locally be- 
low 10%. The H/3 flux can then be determined from the observed 
Hy flux and our estimate of E(B-V)gas- The H/3 fluxes so derived 
are listed in Table|2] They are within 1 cr from the measured val- 
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ues, a nice agreement that provides another demonstration of the 
robustness of our Gaussian fitting procedure. 

4.3. Metallicity 

Nebular emission lines are commonly used to estimate the metal- 
licity in extragalactic Hii regions. There are several empirical 
metallicity calibrations, leading to oxygen abundance estimates, 
from various emission line ratios. Because we detected [Nii] 
and [Nem] in the 8 o'clock arc, we use the N2 index from 
[Pettini & Pagel (2004): 

12 -I- log(0/H) = 8.90 + 0.57 x log[F([N ii] ^6585)/F(Hq')] , (1) 

and the Ne302 index from lNagao et all (l2006h : 

log[F([Ne III] i3869)/(F([0 ii] ^3727) + F([0 ii] A3129))] 

= -82.202 + 32.014X - 4.0706x2 + 0.16784x^ , (2) 

where x - 12 + log(0/H). The two indices have the advantage 
of having a single-valued dependence on the oxygen abundance 
and are relatively robust with respect to flux calibration and 
dust extinction (because one uses ratios of lines that are close 
in wavelength). Given the uncertain flux measurem ents of both 
the [O n] and [O iii] doublets, the popular /?23 index dPagel et al.l 
1 19791) is hardly applicable for the 8 o'clock arc. 

We find from the N2 index 12 + log(0/H)^2 ^ g 35 + 

0.19 for the image A2 and 12 + log(0/H)^^ = 8.46 + 0.19 
for the image A3. The two measurements agree very well 
within 1 cr errors, a nd also agree with the metallicity derived 
by Fink elstein et al.l EqQ9) . 12 + log(0/H)N2 = 8.58 + 0.18. 
From our data, we determine an average gas-phase metallicity 
Z^l'^^ = 0-53 + 0.23 Zq for the 8 o'clock arc, when adopt- 
ing a solar value of 12 + log(O/H)0 = 8.69 (Asplund et al. 
l2009h . The oxygen abundances deduced from the Ne302 index, 
12 + log(0/H)^2^02 > 8-09 {Z^l^oi > 0.25 Zq) for the image A2 
and 12+log(0/H)^33Q2 > 8-18 (Z^e\o2 > 0-31 Zq) for the image 
A3, are consistent with the N2 index results. They are considered 
as lower limits, because of the likely underestimation of the flux 
of the [On] lines, heavily affected by atmospheric absorptions. 

In comparison with the stellar metallicity, Zstais = 0.82 Zq, 
and the metallicity of the interstellar medium, Zism = 0.65 Zq, 
of the 8 o'clock arc determined in DZIO, our gas-phase metallic- 
ity estimate agrees well, keeping in mind that (i) the [N 11] /16585 
line we use is detected at only 2 - 3 cr, being located at a 
wavelength where the detector noise significantly increases, and 
(ii) the H 11 region metallicity calibrations ([1]) and (|2| have a sys- 
tematic 1 cr uncertainty of +0.2 dex. Adopting Zmean = 0.67 + 
0.23 Zq, the mean of all the metallicity indicators available for 
the 8 o'clock arc, as the metallicity of this high-redshift LBG, 
seems to be a reasonable estimate. 

Considering separately the contributions from the main 
galaxy and the star-forming blob in the lensed image A2, we 
derive from the N2 index Z™'" = 0.50 + 0.22 Z© for the main 
component, while the blob shows a trend toward a lower metal- 
licity with Z^2^ - 0.34 + 0.20 Zq. This remains a speculative 
result, given the weak S/N over the [N 11] /16585 fine profile. 

4.4. Star-formation rate 

We can obtain an estimate of the star-formation rate (SFR) from 
the luminosity in th e Ha emission line, through the calibration 
bv lKennicutj (119981) : 

SFRh„ (Mq yr"') = 7.9 x lO^'^^^Ha) x x - x 1.1 . (3) 



Th e three correction factors (last three terms in ^) added to 
the lKennicut3 (11998 ') law are (from left to right): (1) the flatten- 
ing of the stellar IMF for masses below 1 Mq (Ch abrier 2003|) 
compared t o the singl e power law of the ISalpeteil (Il955 ) IMF 
assumed bv lKennicutj fl998i) : (2) the gravitational lensing mag- 
nification factor, ju, deduced for the lensed images A2 and A3 
and for the star-forming blob from the gravitational lens mod- 
eling (Sect. I3T2I 1: and (3) the light loss through the spectrograph 
slit, which we estimate, from the convolution of the seeing pro- 
file and the slit width, assuming an average seeing of 0.7" during 
our NIR observations and a slit width of 0.9", to be a factor of 
1.1. The Ha luminosity (in erg s"') can be directly derived from 
the He line flux, knowing the redshift of the galaxy. The intrin- 
sic Ha; fluxes of the 8 o'clock arc, corrected for dust extinction 
E(B - y)gas determined from the HafHy Balmer decrement as 
described in Sect. 14.21 are listed in Table |2] 

We obtain as an extinction/lensing-corrected star-formation 
rate SFR^^ ^ 279 + 45 Mq yr^' for the image A2 and SFR^l = 
239 + 99 Mq yr"^ for the image A3, again consistent within 1 cr 
errors. These results also agree well with th e previous es t imates 
of t he SFR in the 8 o'clock arc derived by lAUam et all (l2007h 
and iFinkelstein et al] (l2009h . This confirms that this LBG has a 
high SFR, which falls toward the upper end of the SFRh» distri- 
bution of z ~ 2 LBGs (e.g., Erb et al. 2006b). 

Regarding the line-profile decomposition of the image A2, 
the extinction/lensing-corrected SFR of the star-forming blob, 
SFR^'* - 33 + 19 Mq yr"', appears to be significantly lower rel- 
ative to the SFR of the main galaxy, SFR™'" = 207 ± 80 Mq yr^ ' . 
The SFR hence provides the first clear evidence of possibly dif- 
ferent physical conditions characterizing the blob compared to 
those of the main galaxy. 

An independent measure of the star-formation rate is pro- 
vided by the UV continuum from OB stars. From the V-band 
photometry (Table[Tll we have the rest-frame UV continuum flux, 
/v(1600), near 1600 A derived from the definition of AB magni- 
tudes. The corresponding luminosity, Lv(1600) in ergs ' Hz 
in turn implies 

SFRuv (Mq yr" ' ) = 1 .4 X 1 0'^^Lyi 1 600) x x ^ , (4) 

1.8 yU 

with the lKennicuttl(ll998h scaling between Luv and SFR (valid 
over the wavelength range 150( ) - 2800 A), a nd applying the 
same corrections as above for the 'Chabried (^2003) IMF and mag- 
nification factors. The SFR so derived has then to be corrected 
for dust extinction. 

Using the stellar dust extinction E(B - y)stais determined 
from the SED modeling (Sect. 14. Il l because the UV contin- 
uum is dominate d by the stellar light from OB stars, and 
the iCalzetti et al.l 6200 0) reddening curve, we obtain as an 
extinction/lensing-corrected star-formation rate from the rest- 
frame UV continuum SFR^^ = 156 + UOMgyr"' for the im- 
age A2 and SFR^^ = 198 + UOMQyr"' for the image A3. 
These dust-corrected rest-frame UV SFRs agree very well with 
SFRsED = 162+^24 derived from the fufl SED fit (see Sect.|4l]i, 
while they are lower than the SFRetr measurements reported 
above and corrected for the gas-phase (nebular) color excess 
E(B - y)gas- This difference essentially comes from the dif- 
ferent dust extinction corrections applied, E{B - y)stars versus 
E(B - y)c;as- Indeed, the attenuation of the stellar UV light and 
the nebular emission may differ in general (Calzetti et al. 20Q^ 
Calzetti 2001), and also appears to differ, although marginally, 
for this object, as discussed in Sect. 15. II 
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4.5. Ha and H/3 equivalent widths 

The up and Ha equivalent widths, W(lij3) and IV(Hq'), pro- 
vide an additional tool to investigate the star-formation history. 
As the ratio of the Hy6(Ha) luminosity to the underlying stel- 
lar continuum, W(H/3){W{Ha)) is a measure of the current to 
past average star formation. With a reliable stellar continuum 
detection in the vicinity of the HyS line and a more tentative 
one around the Ha line because of the larger noise in the X- 
shooter spectra at these wavelengths, we nevertheless obtain a 
direct measure of the H/3 and Ha rest-frame equivalent widths: 
WoiUp)^^ = 30 + 2 A and Wo(Ha)^2 ^ 134 + 67 A for the im- 
age A2, and Wo(H/3)^^ = 29 + 3 A and WoiHa)^^ = 139 + 72 A 
for the image A3. The measurements show an excellent agree- 
ment between A2 and A3. No slit loss and dust extinction cor- 
rections are applied in this case, which indirectly assumes that 
the nebular emission lines and the stellar continuum suffer the 
same attenuation. In Table |4] we also provide the H/3 and Ha 
equivalent widths coiTected for the different dust attenuations, 
nebular emission versus stellar continuum. We used these equiv- 
alent widths as an additional cross-check of the SED fits, which 
include the treatment of both the nebular emission continuum 
and hnes (see Sect. 14. II ). 

4.6. Mass 
4.6.1. Gas mass 

Because of the lack of CO measurements, one usually relies on 
the Schmidt-Kennicutt relation between star-formation rate and 
gas-mass surface dens ity to determine the gas masses of high- 
redshift galaxies (e.g., 'Erb et al.l'2006b^, 'Forst er Schreiber et alJ 
I2009h . This relation has been established for local star- 
forming galaxies (e.g., iKennicutl Il998l) . and its validity has 
recently been tested at high redshifts from direct measure- 
ments of CO molecular lines in bright sub-mi llimeter galaxies 
(lBoucheetal.l 120071: iTacconiet al1l2006l |2008) and in several 
rest-UV/optically selecte d star-forming gal axies ( BzK and BX 
objec t s) at z ~ 1 - 2.5 (Ipaddietal.l l2008l 12011 iGenzel et al.1 
120 lot ITacconiet all 120 lOl) . All show that both local and high- 
redshift star-forming galaxies lie approximately along the uni- 
versal Schmidt-Kennicutt relation. To estimate the gas mass in 
the 8 o'clock arc, we use the Bouch e et al. ( 2007,) calibration 
valid for both local and high-redshift galaxies: 

Mgas (Mo) = 3.66 X 10^ (SFR (M© yr-'))"-^^ (ri/2 (kpc))'' '*^ . (5) 

The half-light radius, ri/2, is directly measured from the recon- 
structed source plane image, obtained from the gravitational lens 
modeling (Sect. lJSb . By using this half-light radius to estimate 
the gas mass, we indirectly assume that ri/2, as measured from 
the rest-frame UV light, also applies to the molecular gas. In ap- 
plying Q, we take half of the inferred star-formation rate for the 
area enclosed wit hin r i /2, an d multiply by two to get the total 
gas mass. Genzel e t al.l ([2010) have recently proposed a revised 
calibration of the Schmidt-Kennicutt relation, which they com- 
pare with previous calibrations, and discuss in detail the various 
possible origins of differences (see their Sect. 4.4). The authors 
conclude that the total systematic uncertainty of slope determi- 
nations probably is ±0.2 to ±0.25. 

Using the star-formation rates as derived from the Ha lumi- 
nosity and corrected for gas-phase dust extinction and lensing, 
we derive a gas mass M^^^ - (20.9 ± 3.9) x 10^ Mq for the im- 
age A2 and M^^^ = (19.1 ± 6.4) x 10'^ M© for the image A3. 
These measurements obtained for the two lensed images of the 



8 o'clock arc agree very well. They are reliable within a factor 
of up to ~ 1 .4, depending on the star-formation rates we are re- 
ferring to, SFRh^ versus SFRuv- The overall order of magnitude 
of the inferred gas masses ag rees with the gas-mass e stimate of 
the 8 o'clock arc obtained bv lFinkelstein et alj (|2009|) . 

Considering the separate contributions from the main galaxy 
and the star-forming blob identified in the image A2, we derive a 
significantly smaller gas mass for the blob, M^°^ - (2.2 ± 0.9) x 

10^ Mq, than for the main galaxy, M™™ = (17.6±5.6)xlO''Mo. 
This results from the one order of magnitude lower SFRh,, and 
the three times smaller half-light radius of the blob. The link 
between the blob and the main galaxy is discussed in Sect. 15.41 

4.6.2. Dynamical mass 

Dynamical masses can be calculated from the line widths via the 
relation (Erb e t al. 2006b): 

^ C((r(kms-i))2ri/2(kpc) 
Mdyn (Mo) = '- , (6) 

where G - 4.3 x 10"^kpc(kms"')^MQ is the gravitational 
constant, and the factor C depends on the galaxy's mass den- 
sity profile, the velocity anisotropy, the relative contributions 
to cr from random motions or rotation, and the assumption of 
a spherical or disk-like system. Under the assumption that a 
disk rotation is appropriate, we begin with Mdyn i-ot (f < ri/2) = 
u^ygri/2/G. We incorporate an average inclination correction 
{ftme) = Vf;wHM/(sin(/)), whcrc (sin(/)) - n/4 and the ob- 
served half-width velocity wfwhm = FWHM/2 = 2.355cr/2. 
Hence, for rotation-dominated objects the enclosed dynamical 
mass within the half-light radius, ri/2, is Mdyn.rot('" < '"1/2) = 
(2.25cr^ri/2)/G. We then multiply this resulting mass by two to 
obtain the total dynamical mass. For dispersion-dominated ob- 
jects, we apply the isotropic virial estimator with Mdyn disp = 
(6.7cr^ri /2)/G, appropriate for a va riety of galactic mass distri- 
butions (Binn ev & Tremain3l2008l) . In this case, Mdyn.disp repre- 
sents the total dynamical mass. 

The Gaussian two-component decomposition of the line pro- 
files within the image A2, proposed to be associated with the 
main galaxy and the star-forming blob, respectively, as observed 
in the reconstructed source plane image (see Fig.[T]), yields a dy- 
namical mass M™™ = (8.4 ± 2.7) x lO'^Mo ((12.6 ± 4.0) x 

10^ Mo) for the main component of the galaxy and M^°^ = 

(1.1 ± 0.3) X 10'^ Mo ((1.7 ± 0.5) x lO'^Mo) for the blob, un- 
der the assumption of rotation(dispersion)-dominated kinemat- 
ics. This confirms the one order of magnitude smaller mass of 
the blob with respect to the main component of the galaxy. 

With the dynamical masses in hand, we may try to infer 
whether the star-forming blob is in rotation around the main 
core of the galaxy. Knowing the distance, d = 1.2 ± 0.1 kpc, 
between the blob and the galaxy from the source reconstruction 
(Sect. 13.2b . we can calculate the expected velocity of the blob in 

rotation around the galaxy from - -^GMJj^™/t/, and 

check whether it agrees with the observed velocity of the blob 
relative to the galaxy, v^^°^ ^'^'^"^ = 130 ± 5 km s"', as measured 
from the Gaussian two-component best-fit of the line profiles 
(velocity difference between the Gaussian centroids of the blob 
and the galaxy; Table [3]l. With the derived dynamical mass of 
the main core of the galaxy (rotation-dominated value), we ob- 
tain with an average inclination correction ^ex'ected^''^^^^'^*^'-'^ ~ 
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136 + 23 km s"', which excellently agrees with the observed ve- 
locity of the blob relative to the galaxy. This strongly suggests 
that the blob is in rotation around the main core of the galaxy. 
Considering the dynamical mass of the main core of the galaxy 
as derived assuming a dispersion-dominated kinematics, we still 
observe an agreement with I'oj,"'' within 1.5 cr error. 

Assuming the blob and the main component are embedded in 
the same system, with the blob in rotation around the main core 
of the galaxy, then the size of the combined main + blob sys- 
tem should be used for the system size estimate and the best-fit 
Gaussian two-component velocity dispersions, given in Table |3] 
summed up in quadrature, should be used for the system half- 
width velocity estimate. As a result, we find a total dynami- 
cal mass M^y2 ^ q + 4.9) x 10'' M© for the image A2 and 

M^^^ = (20.2 + 15.9) X lO"* Mq for the image A3. Again the two 
measurements obtained for the two lensed images A2 and A3 of 
the 8 o'clock arc give consistent values within 1 cr errors, as ex- 
pected. On the other hand, if the blob and the main component 
of the galaxy are merging, then the dynamical masses of each 
should be combined for a total dynamical mass. This yields a 
total dynamical mass Mdyn - (14.3 + 4.5) x 10'' Mq. 



5. Summary of the results and discussion 

5.1. Extinction correction and star formation 

Thanks to the gravitational lensing, the 8 o'clock arc offers a 
rare opportunity to compare the dust extinction corrections as 
derived from the Balmer decrement and from the SED model- 
ing of multi-band photometric data in an LBG at z = 2.7350. 
Studies of local starburst galaxies show that the ionized gas is 
more attenuated than stars ( C alzetti e t al. 2000; Calzetti 2001), a 
difference that is usually interpreted as indicating that young hot 
ionizing stars are associated with dustier regions than the bulk 
of the (cooler) stellar population across the galaxies. Calzetti 
(1200 Ih gives the following relation between the color excess ob- 
served for gas and stars: E(B - y)stais - 0.44 x E{B - y)gas- In the 
8 o'clock arc, we find for gas E{B - V)^^-^^ = 0.30 + 0.07 and 
for stars E{B - y)stars = 0.19 + 0.04. Taking these results at face 
value, we observe a trend in the 8 o'clock arc toward a larger 
dust attenuatio n in the ionized gas than in stars, in line with the 
ICalzettil(l2001 h relation, although this may appear marginal be- 
cause the two color excesses are comparable within 2 - 3 cr when 
considering the measurement and SED modeling uncertainties. 
The UV slope, j3, measured from the observed (V - I) colors is 
yjA2,A3 = _i.35 + 0.43, typical of z ~ 2.5 LBGs at the same UV 
luminosities (Muv = -22.3 after correction for lensing). This 
translates to E(B - V)^^'^^ = 0.19 + 0.10, which excellently 
agrees with the stellar dust extinction E(B - y)stais derived from 
the SED fits. The larger uncertainty on E(B - y)^, nevertheless, 
reduces the confidence level on the observed difference between 
gaseous and stellar dust attenuations. 

Differences between gaseous and stellar extinction cor- 
rection s have recently been investigated by lYoshikawa et al.l 
(1201 Oh at z ~ 2 in K-hand selected star-forming galaxies. 
The authors' comparison of the Ha, UV, and Spitzer/MlPS 
24 //m fluxes shows that the SFRs of lower SFR galaxies 
(< lOOM0yr"') agree well for the equal-extinction case 
E(B - V)stais = E(B - V)gas, while th ose of higher SFR galax- 
ies agree better for the talzettil (|200l') relation, although SFRh^ 
are systematically higher than SFRuv by 0.3 dex (see also 
iHavashi et all l2009l) . This suggests that the relation between 
dust properties of stellar continuum and nebular lines is dif- 



ferent depending on the intrinsic SFR. The 8 o'clock arc with 
SFRh^.uv > lOOMgyr \ as well as another lensed LBG the 
Cosmic Horseshoe at z = 2.38 (Mainline et al. 2009), tend to 
support this trend. However, whether these differences are true 
or caused by other eflFect(s) needs to be established more firmly. 

The stellar masses derived from the SED modeling are of- 
ten compared with the SFRs to search for correlation. While 
some authors report a significant correlation, others find that 
a fraction of galaxies deviates from the bulk of the distribu- 
tion, showing a general trend of increasing SFRs with stel- 
lar mass es (Erb et al. 2006c; Daddi et al. 2007, 2008, 201^ 
Havashi et al. 2009; Magdis et al.ll2010 ; Yoshikawa et al. 2010). 
Erb et al.. (2006b) found that these outliers are galaxies with 
Mdyn/Msurs > 10, young ages < lOOMyr, high Ha rest- frame 
equivalent widths Wo (Ha) > 200 A, and high gas fractions 
//gas > 60%. Yoshikawa et al. (2010) further confirm ed tha t 
whatever dust extinction correction is applied (Calzett^ (l200lh - 
type or equal-type), these outliers remain outliers, and are 
characterized by particularly high specific star-formation rates, 
SSFR = SFR/Mstars > lOGyr^'. They thus also support young 
ages for these galaxies, with the majority of their stellar mass 
being formed in a recent starburst. 

In Fig.|5]we plot the extinction-corrected star-formation rates 
and stellar masses of the 8 o'clock arc and other compari- 
son samples of star-forming galaxies at z ~ 2-3 (LBGs, K- 
band sele cted s tar-form i ng galaxies, and IRAC-detected LBGs 
from Erb et al. I(l2006blia). lYoshikawa et al ] (l2010h . lMagdis etal.1 
(2010), and 'de Ba rros et all (1201 W l The results were scaled to 
the Chabrier (2003) IMF, if necessary. All plotted stellar masses 
were obtained from SED fits, but the detailed models that were 
used differ somehow, which may introduce some scatter between 
the different studies. The 8 o'clock arc shows a relatively high 
SFR for its stellar mass, corresponding to a specific SFR on the 
order of SSFR'^- '^^ =33 + 19 Gyr '. Compared to the two sam- 
ples with SFRhi, measurements, we see that this is cle arly higher 
than the typical values derived by lErb et al.) (l2006ch . although 
not exceptionally highe r, and when compared to the sample of 
Yos hikawa et al.l (|2010). We do not know if there is a physical 
reason for this high SSFR, but we note that the 8 o'clock arc 
also shows a relatively high gas fraction (see be low) and a young 
age, features pointed out by lErb et al.] (l2006ch for their objects 
that have the largest specific star-formation rates. 



5.2. Gas fraction 

As an important result, we assess at the same time the stellar 
mass, the gas mass, and the dynamical mass of the 8 o'clock 
arc. Those masses were obtained from independent quantities, 
the multi-wavelength photometry, the Ha luminosity, and the 
nebular emission line width, respectively. The sum of the stel- 
lar mass and gas mass determines the baryonic mass Mbar = 
^stars + ^gasi ^nd the fraction yUgas = Mgas/(Mstai,i + Mgas) deter- 
mines the gas fraction. We derive for the 8 o'clock arc the bary- 
onic mass M^^'^^ = (27.9 + 7.5) x lO** Mq, which can be com- 
pared to the dynamical mass M^^^^^ = (18.1 + 10.4) x lO'^M© 

((14.3±4.5)x10^Mq) as derived under the rotation(dispersion)- 
dominated kinematics assumption (see Tableland Sect. I4.6.2] |. 
The two measurements agree within a factor of 1 .5 - 2, which 
is very good given the significant uncertainties carried by the re- 
spective masses (observational plus systematic), and is in line 
with the Mhai- ver sus Mdy,, dispersion observed for z ~ 2 LBGs 
(lErbetal.ll2006bl) . We find that the 8 o'cloc k arc has a high 
gas fraction with yUgas - 72%, contrary to the iFinkelstein et aH 
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Fig. 5. Comparison of the derived extinction-corrected SFRs and 
stellar mass of the 8 o'clock arc (large black circles, showing the 
results with/without nebular emission and with SFRh^/SFRsed) 
with those from other samples of LBGs at z ~ 2 - 3. The black 
triangles and small circles show the z ~ 2 objects from lErb et alJ 
('2006b'c) with dust -corrected SFRs determined from Ha and 
from SEP fitting, resp ectively. The red circles show the objects 
from lYoshikawa et al.l (12010) with SFRh^ corrected for dust ex- 
tinction by assuming a diff'erent nebular and stellar attenuation. 
The yellow crosses are the z ~ 3 IRAC detected LBGs from 
iMagdis et al.l (l2010l) . The green and blue crosses correspond to 
the t/-dropo ut (z ~ 3) saniple fro m the GOODS South field, 
analyzed by Ide Barros et al.l (1201 ll) . with diff'erent assumptions 
in the SED fits (green crosses: constant SFR only, no nebular 
emission; blue crosses: variable star-formation historie s, includ- 
ing ne bular emission). All results were rescaled to the Chabrier' 
(l2003h IMF, if necessary. The dotte d and dashed lines show 
the mass-SFR rela tions suggested by ISawicki et al.l (l2007h and 
iDaddi et al.1 (l2007l) for z ~ 2 galaxies. The thin solid lines show 
the locii of constant specific star-formation rates, SSFR - 100, 
10, and 1 Gyr respectively. 

('2009> result, where the authors inferred a yUgas of only ~ 12% 
because of their large stellar mass estimate. A high gas fraction is 
yet the overall trend of z ~ 2 LBGs that show a mean gas fraction 
of 50%. Moreover, the derived physical properties in our lensed 
LBG support the observed correl ations of decreas i ng //gas with 
increasing stellar mass and age (Erb et al.l l2006bt iReddv et al.l 
[2006). The 8 o'clock arc consequently appears as a young star- 
burst with a still significant gas fraction and a low fraction of 
baryonic mass that akeady turned out into stellar mass. 

5.3. A fundamental mass, SFR, and metallicity relation 
beyond z -2.5? 

Recentlv.'Ma nnucci et alJ(l2010l) studied the dependence of gas- 
phase metallicity, 12-i-log(0/H), on stellar mass, Mjtais, and star- 
formation rate, SFRh^ , and found a fundamental mass, SFR, and 
metallicity relation satisfied by local SDSS galaxies' metallic- 



ities down to a dispersion of about 0.05 dex. The well-known 
mass-metallicity relation is in fact one particular projection 
of this fundamental relation into one plarie, and the observed 
evolution of the mass-metallicity relation (jSava elio et al. 20()5|; 
lErb et al.ll2006at iMaioUno et alj|2008t iMannucci et al.,,2009.) is 
caused by the increase of the average SFR with redshift, which 
results in sampling different parts of the fundamental relation at 
different redshifts. This fundamental relation seems to hold up 
to z - 2.5 without any evolution, which means that the same 
physical processes are in place in the local Universe and at high 
redshifts. Beyond this redshift, the few avai lable measurements 
(IMaioUno et alj|2008l: IMannucci et alj|2009h show hints of evo- 
lution. 

The 8 o'clock arc at z - 2.7350 provides a nice opportu- 
nity to test the fundamental relation in the high-redshift regime 
thanks to the available accurate measurements of metallicity, 
stellar mass, and SFR. Considering the parameterization of the 
metallicity as a linear com bination of SFRea and Mstais (rela- 
tion (5) in IMannucci et alj (|2010)), we expect for the 8 o'clock 
arc a metallicity 12 + log(0/H) ^ 8.49, which agrees very well 
with the measured metallicity, 12-i-log(0/H)^^"^^ = 8.41+0.19, 
derived from the N2 index (see Table |4|. This suggests that the 
fundamental relation may hold up beyond z - 2.5, as also sup- 
porte d by two other lensed LBGs at 2.5 < z < 3.5 studied by 
Ric hard et alJ (1201 ll) . Larger statistics is clearly needed to deter- 
mine the trend in the fundamental relation at higher redshifts. 

5.4. The blob and its interpretation 

Spatially-resolved kinematics of massive z = 1.5 - 2.5 star- 
formmg galaxies from the SINS survey (iGenzel et al.l l2006l 
I2008L iForster Schreiber et al ] l2009h provide some of the most 
convincing evidence for the existence of large, turbulent, gas- 
rich rotating disks and for secular processes in non-major merg- 
ing systems playing a significant role in growing galaxies at 
z ~ 2. Key properties of these early disks are high intrinsic ve- 
locity dispersions of cr ~ 30 - 80kms"', and high gas frac- 
tions yUgas > 30%. In several of these disks, kpc-sized star- 
forming clumps are observed in Ha emission. Clump stellar and 
gas masses are 10*^ - IO^'^'Mq, and akin to the ubiquitous rest- 
frame UV clu mps in HST optical ima ging of z > 1 star-forming 
galaxies (e.g.. lElmegreen et al.ll2009]) . Clumpy galaxies are, in- 
deed, not rare. These giant massive clumps could be the tell- 
tale signature of disk fragmentation through Jeans instabilities, 
and could migrate inwa rd to the disk center and coalesce into 
a slow ly rotating bulge dBournaud et alj|2007l; lElmegreen et al.l 
However, this bulge formation scenario is still a matter 
of current debate because it hinges on the survival of clumps 
in the presence of stellar feedback (outflows driven by stellar 
winds, supernov ae and radiation pressure) . State-of-art theory 
and simulations (iKrumholz & Dekel 1201 Ot iMurrav et all l2O10i: 
iGenel et al.ll2010l) lead to contradictory predictions on clump 
stability, and urgently call for empirical constraints. 

With a flux accounting for about 14% of the integrated Ha 
flux of the entire galaxy (lensing-corrected), a mass one order of 
magnitude lower than the main core of the galaxy, a half-light ra- 
dius smaller than that of all z ~ 1 -2 galaxies studie d so far (e.g., 
iLaw et al .l2007[l2009tlForster Schreiber et al .120091) . and a small 
spatial offset from the main core of the galaxy d = 1.2 + 0.1 kpc, 
we believe that the resolved star-forming blob in the 8 o'clock 
arc galaxy is one of these clumps commonly observed in high- 
redshift objects. The physical properties of the blob, such as its 
gas and dynamical masses Mgas.dyn - (1-1 - 2.2) x 10''Mq, 
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Star-formation rate SFRhq. = 33 + 19M0yr"', and size ri/2 - 
0.53 + 0.05 kpc (see TablelDl, indeed much resemble the proper- 
ties of the c lumps studied by Swinbank et al. (2009), Jones et al. 
(l2010l) . and lGenzel et al.l(l201 ih . In particular, the blob perfectly 
satisfies the mass-size and size-SFR relations observed for high- 
redshift clumps. It hence additionally supports the conjecture 
that these high-redshift H ii regions are comparable in size and 
mass to the largest local star-forming complexes, and are con- 
sistent with the mass-size relation observed locally, but have a 
~ 100 X higher SFR than in local spiral galaxies. The blob in the 
8 o'clock arc even nicely extrapolates the size-SFR relation to- 
ward a domain with higher SFRs and sizes. Moreover, similarly 
to the modest clump-to-clump and insi de-out disk variation s ob- 
served in the oxygen abundances by iGenzel et al.l (1201 lb . we 
do also see some changes between the metallicity of the main 
galaxy and the blob, with the blob showing a trend toward 
a lower metallicity by about 0.17dex. According to a simple 
model (Sect. 14.6.2b . the blob appears to be in rotation around 
the main core of the galaxy, which suggests that the 8 o'clock 
arc LBG may be one of these turbulent, gas-rich rotating disk. 
Additional knowledge of detailed physical properties of these 
clumps is a very useful input to models trying to predict their 
formation and evolution within high-redshift star-forming galax- 
ies. 
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